The finding that N-glycoloylneuraminic acid (Neu5Gc) in pig submandibular gland is synthesized by hydroxylation of the sugar nucleotide CMP-Neu5Ac [Shaw & Schauer (1988) 
INTRODUCTION
Sialic acid is a generic name for a group of about 30 naturally occurring acidic carbohydrates that are essential components of a large number of glycoconjugates [1] . Although certain bacteria are known to produce glycoconjugates containing sialic acids [2] , these sugars occur in largest amounts and exhibit greatest heterogeneity in the animal kingdom [1] . Their occupancy of terminal or near-terminal positions in sialoglycoconjugates underlines the vital role of sialic acids in determining the surface characteristics of cells and secreted glycoproteins [3] . The origin of the variety of sialic acids, which makes possible the fine tuning of these surface properties to fulfil specific biological functions, has been the subject of much research. Although the biosynthetic pathway of N-acetylneuraminic acid (Neu5Ac), the simplest and most ubiquitous sialic acid, has long been established [4, 5] , the biochemical mechanisms involved in Neu5Ac derivatization, giving rise to the diversity within this group of sugars, are largely unresolved.
N-Glycoloylneuraminic acid (Neu5Gc), which is one of the most common modified sialic acids, formally results from the hydroxylation of the 5-N-acetyl methyl function of Neu5Ac. Neu5Gc is widespread throughout the animal kingdom and, according to species and tissue, often constitutes a significant proportion of glycoconjugate-bound sialic acid. Certain species such as chicken and man are exceptional, since they lack Neu5Gc in normal tissues [1, 6] . Recent investigations have, however, revealed that certain human and chicken tumours may contain small amounts of antigenic, lipid-bound Neu5Gc [7, 8] , suggesting that an otherwise dormant Neu5Ac hydroxylase gene may be activated in oncogenesis. The genetic regulation of Neu5Gc expression is further exemplified in rat intestine where its presence in various glycoconjugates is dependent both on the stage of development and on the strain [9, 101. Clearly, the enzyme(s) involved in the biosynthesis of Neu5Gc must first be identified before any genetic investigations can be interpreted.
The results of earlier experiments on various preparations of pig submandibular gland suggest that mucin-bound Neu5Gc results from the hydroxylation of free Neu5Ac and Neu5Ac glycosidically bound to the growing mucin molecule [1 1-13] . Although several metabolic [14] [15] [16] and structural [17] studies are consistent with this view, recent results from this laboratory clearly indicate that the hydroxylation ofNeu5Ac in fractionated porcine submandibular gland occurs exclusively at the level of the CMP-Neu5Ac glycoside [18] . Since these findings are at odds with the accepted literature, it was deemed necessary to elucidate the route of Neu5Gc biosynthesis in other tissues, in order to exclude the possibility that some peculiarity or artefact was being observed in pig submandibular gland.
We therefore present the results of investigations into Neu5Ac hydroxylation in fractionated mouse liver, a tissue responsible for the production of gangliosides and plasma glycoproteins whose sialic acid residues consist almost exclusively of Neu5Gc [19, 20] .
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MATERIALS AND METHODS

Reagents
Unless stated otherwise, solvents, mineral acids, cacodylic acid, FeSO4, ascorbic acid, Tris, phosphotungstic acid, trichloroacetic acid and metal salts were of analytical grade from Merck (Darmstadt, Germany). Bovine serum albumin, fetuin (fetal calf serum type III), Triton X-100, NADH, NADPH, 6,7-dimethyl-5,6,7,8-tetrahydrobiopterin, EDTA, CMP-Neu5Ac, dithiothreitol and 2-oxoglutaric acid were bought from Sigma Chemicals Ltd. (Deisenhofen, Germany). 2-Deoxy-2,3-didehydro-N-acetylneuraminic acid (Neu5Ac2en) was purchased from Boehringer-Mannheim (Mannheim, Germany). Dowex ion-exchange resins and Bio-Rad protein assay reagent were from Bio-Rad (Miinchen, Germany). Gala2-3-and Gala2-6-sialyltransferases (EC 2.4.99.4 and 2.4.99.1) were obtained from the Genzyme Corporation (Boston, MA, U.S.A.). Neu5Ac and Neu5Gc were purified from birds' nest substance and pig submandibular gland mucin respectively [21] .
Radiochemicals
CMP- [4, 5, 6, 7, 8, 9 -14C]Neu5Ac (250-280 mCi/mmol) was obtained from New England Nuclear (Dreieich, Germany) and [4,5,6,7,8,9- Preparation of particulate and supernatant fractions from mouse liver. This method is based on that of Chambers & Rickwood [22] . All centrifuge rotors and buffers were pre-cooled to 4°C. Livers from freshly killed female Balb/c mice were homogenized into 9 vol. (ml per g wet wt. of tissue) of 50 mM-Tris/HCl, pH 7.4, containing 0.25 M-sucrose using a Potter-Elvehjem homogenizer. After filtration through gauze, the homogenate was centrifuged at 700 g for 5 min to sediment large particles. Smaller organelles were sedimented by centrifugation of the resulting supernatant at 10000 g for 20 min. Microsomes were obtained by a subsequent centrifugation of the previous supernatant at 120000 g for 1 h, leaving a clear red supernatant. All membrane fractions were washed by resuspension in 9 ml of homogenization buffer per g wet wt. of tissue using a Potter-Elvehjem homogenizer, followed by centrifugation using the same g value and time. The washed membrane fractions were resuspended into 1 ml of homogenization buffer per g wet wt. of tissue using four strokes of a Potter-Elvehjem homogenizer and either used immediately or frozen at -70°C in 1-2 ml aliquots. The average protein concentrations from two preparations were: 700 g pellet, 25 .0 mg/ml (S.D. 3.2 mg/ ml); 100OOg pellet, 5.7 mg/ml (S.D. 0.7 mg/ml); 120000 g pellet, 11 .5 mg/ml (S.D. 2.0 mg/ml); 120000 g supernatant, 5 .7 mg/ml (S.D. 0.6 mg/ml) as determined with the BioRad protein assay reagent, using bovine serum albumin as standard.
Preparation of fetuin-bound I"CINeu5Ac. Fetuin from fetal calf serum was desialylated by hydrolysis at pH 1.0 (adjusted using HCI) for 1 h at 80 'C. After thorough dialysis against water at 4 'C, the asialofetuin was as follows: 700 g pellet, 22.7 mg/ml; 10000 g pellet, 6.3 mg/ml; 120000g pellet, 12.9 mg/ml; 120000g supernatant, 5.3 mg/ml. Reactions were started by addition of NADH and FeSO4 in 0.1 ml to final concentrations of 1 mm and 0.5 mm respectively and warming to 37 'C. The choice of cofactors for this experiment was based on the specificity of the enzyme from pig submandibular gland [18] . All reaction mixtures were incubated for 3 h in duplicate both in the presence and absence of 1 00 Triton X-100 which was included to allow substrates and cofactors to gain access to any enzymes present within the membrane vesicles of the particulate fractions. The reactions were quenched by addition of HCI to give pH 1.0 and heating at 80 'C for 1 h. The released radioactive sialic acid products were extracted, partially purified and quantified by radio t.l.c. (solvent system 1) as previously described [18] .
For reasons described in the Results section, slightly different conditions were employed in incubations with the CMP-[14C]NeuSAc substrate. All incubations were carried out in duplicate both in the presence and absence of 0.8 % Triton X-100. Undiluted fractions from the two preparations described above were tested with this substrate. A portion of 10 ,l of a mixture containing 6 mMFeSO4 and 12 mM-NADH (in 25 mM-Tris/HCl, pH 7.4) was added to 0.1 ml of each tissue fraction at 37 ing supernatants was determined by liquid scintillation counting. The product analysis was performed by radio t.l.c. (solvent system 2) using 5 ,1 of 3-fold-concentrated supernatant.
Radio t.l.c. All t.l.c. separations were performed using 10 cm x 20 cm h.p.t.l.c. cellulose plates (obtained from Merck). Free sialic acids were separated using propanol/butanol/0.1 M-HCI (2: 1: 1, by vol.) (System 1) and CMP-sialic acid glycosides were resolved with 95 % ethanol/I M-ammonium acetate, pH 7.3 (7:3, v/v) (System 2). The latter solvent can also separate Neu5Ac and Neu5Gc. Authentic non-radioactive standards of Neu5Ac and Neu5Gc and, where appropriate, their CMP-glycosides were co-chromatographed with each sample. Radioactive compounds were identified by comparison of their migration positions with those of the non-radioactive standards stained with the orcinol/Fe3+ reagent [23] . Zones of radioactivity were detected using either a Berthold LB2832 linear analyser or a Berthold 'Tracemaster' linear analyser and quantified by computer-assisted integration. Identification of the CMP-j14Cjsialic acid glycoside product from incubation of CMP-1"4CINeu5Ac with the high-speed supernatant Preparation of product. A 4 ml portion of the 120000 g supernatant from homogenized mouse liver was incubated in a single experiment for 3 h at 37°C with 0.5 /tCi of CMP-['4C]Neu5Ac in the presence of I mm-NADH and 0.5 mM-FeSO4 in a final volume of 4.2 ml. The reaction was quenched by addition of 16 ml of cold technical grade ethanol. After centrifugation at 1500 g for 10 min, followed by further extraction of the resulting pellet with 10 ml of cold 800 ethanol, the supernatants were pooled and evaporated to dryness at room temperature under reduced pressure. The residue was resuspended in 5 ml of water and applied to a S ml column of Dowex 1 x 8 (HC03-counter-ion). After washing with 40 ml of 0.1 M-triethylamine bicarbonate buffer, pH 7.8, the CMP-glycosides were eluted with 25 ml of 0.7 M-triethylamine bicarbonate, pH 7.8, and lyophilized. The lyophilized material was resuspended in 0. with oc2-6-sialyltransferase (3.4 munits) in the presence of 0.6 mg of asialofetuin, 25 ,umol of sodium cacodylate, pH 6.0, 0.25 mg of bovine serum albumin and 1.4 % Triton X-100 in a final volume of 0.18 ml. An identical control incubation was performed using sialyltransferase Vol. 263 denatured by heating at 96°C for 10 min. The incubations were subsequently dialysed at 4°C against 2 x 11 of water, lyophilized, resuspended in 100 ,1 of water and the protein, together with the transferred ['4C]sialic acid, finally precipitated with 1 ml of 12 % trichloroacetic acid and 1 % phosphotungstic acid. The pellets were washed with 1 ml of diethyl ether to remove trichloroacetic acid and subsequently hydrolysed with 0.1 ml of 0.1 M-HCl at 80°C for 1 h. After removal of HCl by lyophilization, the residues were resuspended in 25fl of water and analysed by liquid scintillation counting and radio t.l.c. (solvent system 1). Routine assay for CMP-I14CINeu5Ac hydroxylase Preparation of a sucrose-free soluble protein fraction. For routine CMP-Neu5Ac hydroxylase assays, sucrose was excluded from the homogenization buffer to allow rapid processing of the samples for chomatographic analysis. Mouse liver, either fresh or stored at -70°C, was homogenized with a Potter-Elvehjem homogenizer into 5 vol. (ml/g wet wt. of tissue) of 50 mM-Tris/HCl, pH 7.4, and centrifuged at 120000 g for 1 h. The resulting supernatant was carefully decanted, aliquotted and stored at -70°C until use. The protein concentration in such supernatants was generally 20 mg/ml.
Incubation conditions and product analysis. Sucrosefree 120000 g supernatant from mouse liver homogenate (0.25 ml) was added at 37°C to 25 The results in Fig. 1 show that a significant amount amount of [l'4C]product was synthesized and partially purified as described in the Materials and methods section. Acid treatment of the 14C-labelled product yielded one peak of radioactivity co-migrating with Neu5Gc upon analysis by t.l.c. in solvent systems 1 and 2 (Fig. 2a) . In contrast, long-term treatment with alkali gave rise to two main peaks co-migrating with Neu5Gc and Neu5Gc2en [21] , the expected hydrolysis and elimination products of CMP-Neu5Gc [24] (Fig. 2b) .
The '4C-labelled product also served as a substrate for Gala2-6-sialyltransferase, about 7000 of the added radioactivity being transferred to the asialofetuin acceptor. No radioactivity was transferred by heatdenatured enzyme. The fetuin-bound f14C]sialic acid was identified as Neu5Gc by t.l.c. of the hydrolytically released radioactivity (solvent system 1).
These results therefore indicate that CMP-Neu5Ac is hydroxylated by mouse liver supernatants to give CMPNeu5Gc. the routine enzyme assay using a sucrose-free high-speed supernatant (see the Materials and methods section).
The course of the hydroxylation reaction with NADH (1 mM) a.nd FeSO4 (0.5 mM) was shown to be linear up to 30 min (Fig. 3) . The reaction rate was also found to be linearly dependent on protein concentration, up to 17 mg of protein/ml.
Having established linear reaction conditions, the effect of several cofactors alone and in various combinations could be tested. The results presented in Fig. 4 show that a certain amount of activity was supported solely by the addition of a reducing cofactor, NADH and NADPH being the most effective. Addition of Fe2" ions, however, stimulated the hydroxylase, most markedly in conjunction with the two reduced nicotinamide nucleotide coenzymes. Activity supported by the other reductants was only slightly increased upon addition of Fe2" ions. In the case of the reduced pterin cofactor, a marginal inhibition was observed in the presence of Fe2". Addition of the cofactor mixture consisting of 2-oxoglutarate, ascorbate, FeSO4 and dithiothreitol was also ineffective in enhancing the hydroxylase activity.
Influence of various metal ions on the activity of CMPNeu5Ac hydroxylase
The metal ion specificity of the enzyme was tested with NADH as reducing cofactor. As can be seen in Fig. 5 Dependence of CMP-Neu5Ac hydroxylase activity on the concentrations of NADH, FeSO4 and CMP-Neu5Ac
The effect of NADH concentration on CMP-Neu5Ac hydroxylase activity was investigated using FeSO4 and CMP-Neu5Ac concentrations of 500 /tM and 10 /SM respectively. From the results in Fig. 6 Neu5Gc . This suggests that the hydroxylation of CMP-Neu5Ac is the only pathway for Neu5Gc biosynthesis, as was observed in pig submandibular glands [18] .
The hydroxylase catalysing this reaction is extracted as a soluble enzyme occurring in the high-speed supernatant fraction. These observations suggest that this hydroxylase is either located in the cytoplasm, or is possibly loosely bound to a subcellular structure and released during homogenization.
The enzyme's requirement for molecular oxygen (#M) suggests that this hydroxylase is a mono-oxygenase, as was originally proposed for the pig enzyme [25] . This conclusion is corroborated by its specificity for a reduced nicotinamide nucleotide coenzyme. Although the mouse liver enzyme was not completely dependent on the addition of iron salts, the CMP-Neu5Ac hydroxylase from porcine submandibular glands had an almost absolute requirement for Fe2" ions [18] . This requirement for exogenous iron is unusual since several NAD(P)Hdependent mono-oxygenases, for example methane mono-oxygenase [26] , possess a firmly bound non-haem, non-iron-sulphur iron-based cofactor. However, some exogenous iron-requiring NAD(P)H-dependent dioxygenases are known, for example toluene dioxygenase from Pseudomonas putida [27] . Despite the fact that these studies with unfractionated high-speed supernatants do not allow an unequivocal assignment of the enzyme type, it is clear that this hydroxylase is not a cytochrome P-450, since this class of haemoproteins is membrane-bound in higher organisms and is not activated by addition of exogenous iron [28] . Further- more, the addition of 2-oxoglutarate together with ascorbate, Fe" ions and dithiothreitol had little effect on the enzyme activity, suggesting that it is not a 2-oxoglutarate-dependent hydroxylase, such as prolyl hydroxylase [29] . The inability of 6,7-dimethyl-5,6,7,8-tetrahydrobiopterin to support the hydroxylation of CMP-Neu5Ac indicates that this enzyme is not a pterin hydroxylase such as tyrosine or phenylalanine hydroxylase [30] .
It is, however, evident from these results that the CMP-Neu5Ac hydroxylases from mouse liver and pig submandibular gland are very similar with regard to solubility and substrate and cofactor specificity [18] , suggesting that this step in Neu5Gc biosynthesis may be common to all organisms expressing this sialic acid. In support of this hypothesis, we have obtained evidence for the presence of NADH-and iron-dependent CMP-
